found in the environment, in food, and associated with animals. After discovering that 43 UTI strains of S. saprophyticus are for the most part closely related to each other, we 44 sought to determine whether these strains are specially adapted to cause disease in 45 humans. We found evidence suggesting that a mutation in the gene aas is 46 advantageous in the context of human infection. We hypothesize that the mutation 47 allows S. saprophyticus to survive better in the human urinary tract. These results show 48 how bacteria found in the environment can evolve to cause disease. 49 50 3 Introduction. 51 Urinary tract infections (UTI) are a global health problem of major significance, with an 52 estimated annual incidence of 150-250 million and a lifetime risk of 50% among women 53 (1-3). The associated costs to individuals and health care systems are substantial, with 54 recent estimates from the United States numbering in the billions per year (4). UTIs are 55 also associated with severe complications such as pyelonephritis, sepsis and premature 56 labor (4). Staphylococcus saprophyticus is second only to Escherischia coli as a cause 57 of UTI in reproductive aged women (5, 6). 58 S. saprophyticus can be found in diverse niches including the environment, foods, 59 livestock, and as a pathogen and commensal of humans. Several features of the 60 epidemiology of S. saprophyticus suggest that infections leading to UTIs are acquired 61 from the environment, rather than as a result of person-to-person transmission (7). This 62 implies that adoption of the pathogenic niche by S. saprophyticus has not entailed a 63 trade-off in its ability to live freely in the environment. A recent PCR-based survey of 64 virulence factors in clinical and animal associated isolates showed that dsdA, a gene 65 encoding D-serine deaminase that is important for survival in urine (8), and uafA and 66 aas, adhesins that mediate binding to uroepithelium (9, 10), were present in all isolates 67 surveyed (11), suggesting an underlying pleiotropy, with these virulence factors playing 68 important roles in the diverse environments occupied by S. saprophyticus. 69 The human urinary tract could represent an evolutionary dead end for S. saprophyticus 70 with "virulence factors" such as DsdA, UafA and Aas serving an essential function in the 71 primary environmental niche and enabling invasion of the urinary tract as an accidental 72
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Toronto, Canada 23 24 2 Abstract: 25 Human-pathogenic bacteria are found in a variety of niches, including free-living, 26 zoonotic, and microbiome environments. Identifying bacterial adaptions that enable 27 invasive disease is an important means of gaining insight into the molecular basis of 28 pathogenesis and understanding pathogen emergence. Staphylococcus saprophyticus, 29 a leading cause of urinary tract infections, can be found in the environment, food, 30 animals, and the human microbiome. We identified a selective sweep in the gene 31 encoding the Aas adhesin, a key virulence factor that binds host fibronectin. We 32 hypothesize that the mutation under selection (aas_2206A>C) facilitates colonization of 33 the urinary tract, an environment where bacteria are subject to strong shearing forces. 34 The mutation appears to have enabled emergence and expansion of a human 35 pathogenic lineage of S. saprophyticus. These results demonstrate the power of 36 evolutionary genomic approaches in discovering the genetic basis of virulence and 37 emphasize the pleiotropy and adaptability of bacteria occupying diverse niches. 38 Importance: 39 Staphylococcus saprophyticus is an important cause of urinary tract infections (UTI) in 40 women, which are common, can be severe, and are associated with significant impacts 41 to public health. In addition to being a cause of human UTI, S. saprophyticus can be environment via stool (12, 13) . Based on our previous observations and the example 81 provided by other human pathogens that cycle through the environment, we 82 hypothesized that the human urinary tract is an ecologically important niche for S. 83 saprophyticus and sought to identify genetic signatures of adaptation to this niche. 84 The increased availability of sequencing data has enabled comparative genomic 85 approaches that have led to identification of changes in gene content in association with 86 pathogen emergence and shifts in host association. Several notable human pathogens, 87 including Mycobacterium tuberculosis, Yersinia pestis, and Francisella tulerensis, are 88 the product of a single emergence characterized by gene loss and horizontal acquisition 89 of virulence factors (14) (15) (16) . Similarly, genomic analysis of Enterococcus faecium 90 revealed gene gains and losses affecting metabolism and antibiotic resistance in the 91 emergence of a hypermutable hospital-adapted clade that coincided with the profound 92 shift in hospital ecology caused by development of antibiotics (17) . Gene gains via 93 recombination have also allowed Staphylococcus aureus ST71 to emerge into a bovine-94 associated niche (18) . 95 Using contemporary and ancient genomic data from strains of S. saprophyticus, we 96 found previously that UTI-associated lineages of S. saprophyticus were not attendant 97 with specific gene gains or losses; the evolutionary genetic processes underlying S. 98 saprophyticus' adoption of the human-pathogenic niche are likely more subtle than what 99 has been described for canonical pathogens (7). Here we have identified one of the 100 mechanisms underlying S. saprophyticus' adaptation to the uropathogenic niche: a 101 selective sweep in the Aas adhesin, which is associated with an apparently large-scale 102 expansion into the human-pathogenic niche. This is, to our knowledge, the first 103 identification of a single nucleotide sweep in a bacterium. 104 Results. 105 We reconstructed the phylogeny of S. saprophyticus isolates (Table S1 ) from a whole 106 genome alignment using maximum likelihood inference implemented in RAxML (Figure   107 1). The bacterial isolates are separated into two clades, which we have previously 108 named Clades P and E (7). In both clades, human associated lineages are nested 109 5 among isolates from diverse sources, including food (cheese rind, ice cream, meat), 110 indoor and outdoor environments, and animals. Interestingly, cheese rinds harbor 111 diverse strains of S. saprophyticus, which cluster with both human-and animal-112 pathogenic strains. 113 Thirty-three of 37 modern, human-pathogenic isolates are found within a single lineage 114 (that we term lineage U, for UTI-associated) to which bovine-pathogenic (mastitis), food-115 associated isolates, and an ancient genome are basal. Given the association between 116 this lineage and illness in humans, we were curious about its potential adaptation to the 117 human pathogenic niche. The placement of the 800-year old strain between bovine and 118 human-associated lineages suggests it could represent a generalist intermediate 119 between human-adapted and bovid-adapted strains. 120 Core genome analysis of the 58 isolates of S. saprophyticus in our sample showed 121 substantial variability in gene content; the core genome is composed of 1798 genes, 122 and there are an additional 7110 genes in the pan genome. We found previously that 123 uropathogenic isolates of S. saprophyticus were not associated with any unique gene 124 content (7). Given the variability in accessory gene content among this larger sample of 125 isolates, we decided to test for relative differences in accessory gene content between 126 human clinical isolates and other isolates using Scoary (19) , which performs a genome 127 wide association study (GWAS) using gene presence and absence. We did not identify 128 any genes that were significantly associated with the human pathogenic niche after 129 correction for multiple hypothesis testing using the Bonferroni method. 130 In addition to the variability observed in gene content, analyses of the core genome also 131 indicated relatively frequent recombination among S. saprophyticus (Figure 3 SNPs did not affect the topology of the maximum likelihood phylogeny. We observed 143 regional patterns in the amount of recombination inferred, and, as expected, 144 recombination appears frequent at mobile elements such as the staphylococcal 145 cassette chromosomes (SCC 15305RM and SCC 15305cap ) and vSs15305 (10). 146 Adaptation to a new environment may be facilitated by advantageous mutations that 147 quickly rise in frequency, leaving a characteristic genomic imprint: reduced diversity at 148 the target locus and nearby linked loci (i.e. selective sweep, (21, 22) ). In order for 149 positive selection to be evident as a local reduction in diversity, there must be sufficient 150 recombination that the target locus is unlinked from the rest of the genome; for this 151 reason, scans for sweeps have been used primarily for sexually reproducing organisms 152 (23-26). As described above and in prior work (7), we found evidence of frequent 153 recombination among S. saprophyticus. We hypothesized that S. saprophyticus' 154 transition to the uropathogenic niche may have been driven by selection for one or more 155 mutations that were advantageous in the new environment, and that levels of 156 recombination have been sufficient to preserve the signature of a selective sweep at loci 157 under positive selection. We therefore used a sliding window analysis of diversity along 158 the S. saprophyticus alignment as an initial screen for positive selection. We identified a 159 marked regional decrease in nucleotide diversity (π) and Tajima's D (TD) that is specific 160 to lineage U ( Figure 2 ); TD for this window was -0.38 and 0.94 for non-lineage U Clade 161 P isolates and Clade E isolates, respectively. The region with decreased π /TD 162 corresponds to 1,760,000-1,820,000 bp in S. saprophyticus ATCC 15305 and has the 163 lowest values of π and TD in the entire alignment. We investigated the sensitivity of our 164 sliding window analyses to sampling by randomly subsampling lineage U isolates to the 165 same size as Clade E (n = 10); we found the results to be robust to changes in sampling 166 scheme and size. 167 To complement the sliding window analysis and pinpoint candidate variants under 168 positive selection, we used an approach based on allele frequency differences between 169 7 bacterial isolates from different niches. We calculated Weir and Cockerham's F ST (27) 170 for single nucleotide polymorphisms (SNPs) in the S. saprophyticus genome using 171 human association and non-human association to define populations. The region of low 172 π /TD included three non-synonymous variants in the top 0.05% of F ST values (Table 1) . 173 One of these variants was fixed among human-associated isolates in lineage U 174 (position 1811777 in ATCC 15305, F ST = 0.48) and distinct from the ancestral allele 175 found in basal lineages of Clade P, including the ancient strain of S. saprophyticus Troy. 176 This suggests that the variant may have been important in adaptation to the human 177 urinary tract. To assess the significance of the F ST value for this variant, we performed 178 permutations by randomly assigning isolates as human associated, and we did not 179 achieve F ST values higher than 0.28 in 100 permutations. 180 Selective sweeps may be evident as a longer than expected haplotype block, since 181 neutral variants linked to the adaptive mutation will also sweep to high frequencies (28). 182 Given the evidence suggesting there was a selective sweep at this locus, we used 183 haplotype based statistics to test for such a signature in the S. saprophyticus alignment. 184 Haplotype-based methods are hypothesized to not be applicable to bacteria due to 185 differences between crossing over and bacterial patterns of recombination (29), but the 186 methods had not been tested in a scenario akin to a classical sweep, in which local 187 changes in diversity and the SFS have been observed. We found that the variant at 188 position 181177 did show a signature of a sweep using the extended haplotype 189 homozygosity (EHH) statistic (28) ( Figure 4 ). However, the variant did not have an 190 extreme value of nS L , which compares haplotype homozygosity for ancestral and 191 derived alleles (30), after normalization by the allele frequency. (Table 1) . Adhesins such as Aas are important in the pathogenesis 197 of S. saprophyticus urinary tract infections, and this gene has been previously 198 implicated as a virulence factor (9, 31, 32). ). We wondered whether the uropathogenic lineage of S. saprophyticus might also 218 have undergone a recent change in its effective size. The genome wide estimate of TD 219 for lineage U was negative (-0.58), which is consistent with population expansion. We 220 used the methods implemented in ∂ a∂i (39) to identify the demographic model that best 221 fit the observed synonymous SFS of lineage U (Figure 7) . 222 The synonymous SFS showed an unexpected excess of high frequency derived alleles, 223 which we hypothesized were the result of gene flow from populations with ancestral 224 variants. Within population recombination has been shown to have no effect on SFS-225 based methods of demographic inference in bacteria (40). However, external sources of 226 recombination were not modeled in previous studies. We used SimBac (41) to simulate 227 bacterial populations with a range of internal and external recombination rates. Similar 228 to previous studies, we did not find that within population recombination had an effect 229 9 the value of Tajima's D. However, we found that recombinant tracts from external 230 sources resulted in positive values of Tajima's D (Figure 8 ). Positive values of Tajima's 231 D are also associated with population bottlenecks and balancing selection. 232 We used fastGEAR (42) to identify recombinant tracts that originated outside of lineage 233 U, and these sites were removed from the analysis prior to demographic inference. We 234 compared five demographic models (constant size, instantaneous population size 235 change, exponential population size change, instantaneous population size change 236 followed by exponential, and two instantaneous population size changes , Figure 9 ) and 237 used bootstrapping to estimate the uncertainty of the parameters and to adjust the 238 composite likelihoods using the Godambe Information Matrix implemented in ∂ a∂i (43). 239 We found significant evidence for an expansion in all models ( Table 2) (40), so we used simulations to investigate their effects on our 246 demographic inference for uropathogenic S. saprophyticus. We used SFS_CODE (44) 247 to simulate positive selection (with a range of recombination rates) and evaluate its 248 effects on the accuracy of demographic inference with ∂ a∂i. The method implemented in 249 ∂ a∂i relies on inference from the synonymous SFS, but it's possible for synonymous 250 variation to be affected by selection, particularly at low rates of recombination (40, 45) . 251 Neutral simulations with gene conversion did not affect demographic inference. We did 252 find that positive selection can affect the synonymous SFS, resulting in inference of 253 population size changes. In simulations of positive selection in a population of constant 254 size, we found the spurious inference to be a bottleneck rather than an expansion. This 255 suggests that the observed synonymous SFS of lineage U has been affected both by (46), which are associated with significant morbidity, economic costs, and 268 severe complications (4). Despite its strong association with UTIs in humans, S. 269 saprophyticus can also be isolated from diverse environments including livestock, food 270 and food processing plants, and the environment (47, 48). Our previous research 271 suggested that pathogenicity to humans is a derived trait in the species (7). 272 This pattern is replicated here, where phylogenetic analyses link human UTI with two 273 lineages of S. saprophyticus that are nested among isolates from diverse, non-human 274 niches (i.e. free living, food-and animal-associated) . The aas mutation arose in lineage 275 U, which contains most of the UTI isolates. Two lineages are basal to lineage U: one is 276 bovine-associated, and the other contains an ancient bacterial sequence from a 277 pregnancy-related infection in Late Byzantine Troy. The Troy bacterium has the 278 ancestral, bovine-associated aas allele, and we have previously hypothesized (7) that 279 this lineage could be associated with human infections in regions where humans have 280 close contacts -e.g. shared living quarters-with livestock, as they did at Troy during 281 this time. 282 A second cluster of UTI isolates appears in Clade E. One isolate has acquired the 283 derived aas allele, which parallels our finding that two non-human isolates in lineage U 284 acquired the ancestral variant; all recombination events that we observed at this locus 285 reinforced the association between aas_2206A>C and human infection. 286 11 Several UTI isolates in Clade E do not have the derived aas allele and the clustering of 287 UTI isolates suggests there may be a distinct adaptive path to virulence in this clade. 288 Larger and more comprehensive samples will be needed to investigate this hypothesis 289 and to identify the factors shaping the separation of clades P & E. 290 The aas mutation has characteristics associated with a classical selective sweep driven 291 by positive selection, namely a regional reduction in diversity (21) 
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Environmental bacterial populations can also be subject to clonal replacements: a 304 metagenomic time course study of Trout Bog found evidence of clonal replacement 305 occurring in natural bacterial populations but not gene or region specific sweeps (53). 306 However, large regions of low diversity were also observed, suggesting gene-specific 307 selective sweeps had occurred prior to the start of the study. Shapiro et al. identified 308 genomic loci that differentiated Vibrio cyclitrophicus associated with distinct niches but 309 that had limited diversity within niches; they concluded that differentiation of these 310 populations had been enabled by recombination events that reinforced the association 311 of alleles with the niche in which they were advantageous (54). 312 The aas_2206A>C mutation is within a group of genetic variants that differentiates 313 bacteria associated with human-pathogenic versus other niches (i.e. F ST outlier). SNPs 314 associated with specific clinical phenotypes were described recently in the pathogen 315 Streptococcus pyogenes (55), which is consistent with our finding that clinical 316 12 phenotypes can represent distinct niche spaces preferentially occupied by sub-317 populations of bacteria. There is also precedent for a single nucleotide polymorphism to 318 affect host tropism of bacteria (56). 319 In sexually reproducing organisms, haplotype based statistics are frequently used to 320 identify selective sweeps because positively selected alleles will also increase the 321 frequency of nearby linked loci faster than recombination can disrupt linkage, producing 322 longer haplotypes for selected alleles (28, 57) . We found that aas_2206A>C had a 323 longer haplotype than the ancestral variant, but this difference was not extreme relative 324 to other regions of the genome (assessed with the nS L statistic). Haplotype based 325 statistics have been found to perform poorly in purebred dogs, where linkage across the 326 genome is high (58). Relatively low levels of recombination may also contribute to a lack 327 of sensitivity when haplotype-based detection methods are applied to bacteria; linkage 328 of sites is also likely to be disrupted in a less predictable way by bacterial gene 329 conversion than by crossing over (29). Based on our findings, we conclude that 330 screening for regional decreases in diversity and distortions of the SFS (i.e. sliding 331 window analyses) and identification of genetic variants with extreme differences in 332 frequency between niches can be useful in identifying candidate sites of positive 333 selection in bacteria. 334 S. saprophyticus encodes a number of adhesins including UafA, UafB, SdrI, and Aas. 335 UafA and Aas are found in all isolates, suggesting that they play important roles in the 336 diverse niches occupied by S. saprophyticus. Aas has autolytic, fibronectin binding, and 337 haemagluttinating functions (9, 31, 32, 59) . We identified a single, non-synonymous 338 polymorphism as a target of selection in the fibronectin binding repeats of Aas. This 339 variant is predicted to affect the repeat's structure, as proline has a more rigid structure (64-66). FimH binds mannose, providing protection from shear stress through a catch 354 bond mechanism (67). Interestingly, Borrelia burgdorferi's vascular adherence and 355 resistance to shear stress were recently found to be enabled by interactions between a 356 bacterial adhesin and host fibronectin that also use a catch bond mechanism (68). 357 There are also precedents in Staphylococcus aureus for polymorphisms in bacterial 358 fibronectin-binding adhesins to affect the strength of binding, and for these 359 polymorphisms to associate with specific clinical phenotypes (69). 360 Further experiments are needed to investigate the effects of variation in Aas on S. spurious results from demographic inference in bacteria (40, 71) . We used an SFS-377 based method to reconstruct the demographic history of S. saprophyticus: the accuracy 378 of demographic inference using these methods has been shown to be unaffected by 379 within-population recombination (40) and this was confirmed in our analyses of 380 simulated data. We found that recombination from external sources may result in an 381 excess of intermediate frequency variants, which is also a signature of population 382 bottlenecks, so we masked externally imported sites. However, the frequency of 383 synonymous variants could still be affected by selection on linked non-synonymous 384 sites, including the selective sweep in aas that we have described. We performed 385 simulations to address these potential confounders and aid in the interpretation of our and centrigured at 4°C for 10 minutes. We additionally used a SpeedVac for 10 minutes 406 to ensure pellets were dry before re-suspending the pellet in 50 µL water. 407 Library preparation and sequencing. For SSC01, SSC02, and SSC03, library prep was 408 performed using a modified Nextera protocol as decribed by Baym et al. (72) Assembly. We used the iMetAMOS pipeline for de novo assembly (77). We chose to 434 compare assemblies from SPAdes (78), MaSurCA (79), and Velvet (80). KmerGenie 435 16 (81) was used to select kmer sizes for assembly. iMetAMOS uses FastQC, QUAST 436 (82), REAPR (83), LAP (84), ALE (85), FreeBayes (86), and CGAL (87) to evaluate the 437 quality of reads and assemblies. We also used Kraken (88) to detect potential 438 contamination in sequence data. For all newly assembled isolates (43, 439 SSMast), the SPAdes assembly was the highest quality. Assembly statistics are 440 reported in Table S2 . 441 Annotation and gene content analyses. We annotated the de novo assemblies using 442 Prokka v 1.11 (89) and used Roary (90) to identify orthologous genes in the core and 443 accessory genomes. To look for associations between accessory gene content and 444 human association, we used Scoary (19) . For the analysis, we used human association 445 as our trait, and we adjusted the p-value for multiple comparisons using the Bonferroni 446 method.
447
Alignment. When short read data for reference guided mapping were unavailable, whole 448 genome alignment of genomes to ATCC 15305 was performed using Mugsy v 2.3 (91). 449 Repetitive regions in the reference genome greater than 100 bp were identified using 450 nucmer, and these regions were masked in the alignment used in downstream 451 analyses.
452
Maximum likelihood phylogenetic analysis. Maximum likelihood phylogenetic trees were 453 inferred using RAxML 8.0.6 (92). We used the GTRGAMMA substitution model and 454 performed bootstrapping using the autoMR convergence criteria. Tree visualizations 455 were created in ggtree (93). Supplementary Tables:   917   Table S1 . Accession numbers for S. saprophyticus isolates.
918 Table S2 . Assembly statistics for S. saprophyticus genomes. 919 920
